ABSTRACT. The activity of Clostridium septicum alpha-toxin was determined in erythrocytes of various animals, with sensitivities observed in the order of mouse, rat, canine, equine, rabbit, chicken, bovine, swine and ovine. Temperature and protease treatment affected the sensitivity of erythrocytes to alpha-toxin. Proteinase K treatment decreased the sensitivity of murine, canine, equine and bovine erythrocytes, but ovine erythrocytes did not change the sensitivity to alpha-toxin activity. On the other hand, the activity of alpha-toxin on swine erythrocytes increased after treatment with proteinase K, trypsin, chymotrypsin or lysyl endopeptidase. Toxin overlay assay showed that alpha-toxin bound to erythrocyte membrane proteins with a molecular mass of 30 to 45-kDa in mouse, equine, bovine, swine and chicken, whereas in rat erythrocyte membranes the toxin reacted with 100-kDa protein. The treatment of murine and swine erythrocyte membranes with phosphatidylinositol-specific phospholipase C resulted in liberation of the toxin-binding protein from the individual membranes in a native state. These results show that alpha-toxin associates with specific erythrocyte membrane proteins in any animal species, and are subsets of glycosylphosphatidylinositol-anchored proteins in various animal species. These results may reflect distinct characteristics of the hemolytic activity of alpha-toxin in response to various erythrocytes.
Clostridium septicum is a gram-positive, motile, sporeforming anaerobe that has been implicated as a cause of malignant edema in animals [5, 22] . The organism produces several extracellular factors that include deoxyribonuclease, hyaluronidase, neuraminidase and alpha-toxin [16] . Alphatoxin is the major virulent factor with hemolytic, lethal and necrotizing activities [2, 7] . It is secreted as a water-soluble protoxin that is activated by proteolytic cleavage of an amino terminal propeptide by such cell surface proteases as furin or furin-like proteases [3, 7, 20] . Activation leads to oligomerization and ultimate insertion of the oligometric complex into the plasma membrane of mammalian cells, generating a pore of approximately 1.3 to 1.6 nm in diameter [2, 3] . In erythrocytes, pore formation by alpha-toxin induces selective membrane permeabilization to penetrate small ions, causing hemolysis [3, 15] .
Activity of alpha-toxin has been attributed to the presence of surface receptors in mammalian cells [7] . Some of these receptors have been identified as glycosylphosphatidylinositol (GPI)-anchored proteins [8, 21] . The alpha-toxin activity is influenced also by other cellular factors, such as proteases, which accomplish the conversion of the protoxin to the active form. Gordon et al. [7] demonstrated that furin-deficient cells are lysed more slowly than those that produce the protease. Therefore, the activity of alpha-toxin in a cell is associated with the presence of a receptor and an activating protease [19] . Although several attempts have been made to identify the factors associated with alphatoxin activity, the differences in sensitivities of erythrocytes among various animal species have not been explained.
In the present study, we assessed the interaction of alphatoxin with erythrocytes, erythrocyte membranes and their components from different animal species under various conditions. Sensitivities of intact and protease-treated erythrocytes from various animal species to alpha-toxin were examined. We provide evidence that the differences in sensitivity of erythrocytes may be due to the existence of different binding proteins.
MATERIALS AND METHODS
Purification of alpha-toxin: Clostridium septicum strain NCTC 547 was cultured in brain heart infusion broth (Oxoid, Hampshire, England) containing 0.05% L-cysteine hydrochloride, pH 7.3, at 37°C for 18 hr under anaerobic conditions. Alpha-toxin was purified according to the method described by Ballard et al. [2] with slight modifications. Briefly, the culture supernatant was fractioned with 60% saturated ammonium sulphate at 4°C overnight and centrifugation at 7,000 g for 10 min. The precipitate was dissolved in 20 mM phosphate buffer, pH 7.0 and dialyzed against the same buffer. This was subjected to SP-650M Toyopearl cation exchange chromatography (Tosoh, Tokyo, Japan) and Sephacryl S-200 gel filtration (Amersham Pharmacia Biotech, Uppsala, Sweden). The hemolysis-positive fractions were pooled and concentrated with an YM 10 membrane (Amicon, Beverly, MA). The purity of proteins was clarified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [13] with a 12.5% resolving gel. After electrophoresis, the gel was stained in 0.2% Coo-massie brilliant blue. The purified protoxin was activated for 30 min at 37°C with N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma Chemical Co., St Louis, Mo) at a protoxin-to-enzyme ratio of 1,000:1 at pH 7.0. The activation was terminated by adding soybean trypsin inhibitor (Nacalai, Kyoto, Japan). The activated toxin was passed through a Sephacryl S-200 gel filtration column equilibrated with 20 mM phosphate buffer, pH 7.0, containing 0.15 M NaCl (PBS) to remove the digested materials. The activated alpha-toxin was stored at 4°C until used.
Preparation of the antibody to alpha-toxin: The activated alpha-toxin (200 µg/ml) was inactivated by adding formalin at a final concentration of 0.4% (v/v) and kept at 37°C for 4 days [1] . The toxoid was diluted to a final concentration of 50 µg/ml with PBS. Two rabbits were injected subcutaneously with a 1-ml portion of 50 µg toxoid, emulsified in an equal volume of Freund's complete adjuvant (Wako Pure Chemical Co., Osaka, Japan). After 2 weeks, the animals were injected with the same dose of toxoid emulsified in an equal volume of Freund's incomplete adjuvant (Wako).
The rabbits were boosted with 50 µg of activated alphatoxin 4 weeks later and bled 2 weeks after the last injection. Immunoglobulin G (IgG) was isolated from rabbit serum by n-octanoic acid (Kanto Chemical Co., Tokyo, Japan) treatment followed by ammonium sulphate precipitation [9] . The IgG fraction isolated was subjected to purification for a specific antibody to alpha-toxin on a HiTrap NHS Sepharose column (Amersham Pharmacia Biotech) coupled with activated alpha-toxin according to the manufacturer's instruction. Preparation of erythrocyte membranes: Blood specimens were obtained from a local animal facility, while ovine blood was from Japan Biological and Pharmaceutical Company (Osaka). Erythrocyte membranes were prepared as described elsewhere [15] . The membranes were prepared by lysis of 1 ml freshly packed erythrocytes in 100 ml of icecold hypotonic lysis buffer (5 mM sodium phosphate and 1 mM EDTA, pH 7.4) overnight at 4°C with constant stirring. The membranes were removed and washed 3 times in PBS by centrifugation at 15,000 g for 20 min at 4°C. The membranes were finally resuspended in PBS and stored at 4°C.
Assay of hemolytic activity: Alpha-toxin activity was assayed in round-bottomed micro titer plates (Becton Dickinson, Franklin Lakes, NJ). Test samples (100 µl) were serially diluted with 100 µl of Dulbecco's PBS followed by addition of 100 µl of a 2% (vol/vol) suspension of erythrocytes, which had been washed twice by centrifugation at 1,500 g for 10 min at 4°C. The plates were incubated for 1 hr at 30°C with shaking, then centrifuged at 1,000 g for 5 min at 4°C, and absorbance of the supernatant was measured at 595 nm. The percentage hemolysis was calculated for each sample, from which the amount of toxin inducing 50% hemolysis was determined. The hemolysis caused by 1% Triton X-100 was regarded as 100%. To examine the effect of protease treatment on the sensitivity of erythrocytes, 20% suspensions of erythrocytes were treated for 1 hr at 37°C with either 0.1 mg/ml proteinase K (Wako), 1 mg/ml TPCKtreated trypsin, or 1 mg/ml N-p-tosyl-L-lysine chloromethyl ketone (TLCK)-treated chymotrypsin (Sigma). Swine erythrocytes were additionally treated with 0.5 mg/ml lysyl endopeptidase (Wako). Protease inhibitors were added and the erythrocytes were washed twice with Dulbecco's PBS before alpha-toxin treatment. The inhibitors used were, pefabloc SC (0.1 mg/ml, Roche Diagnostics GmbH, Mannheim, Germany) for proteinase K and TLCK-chymotrypsin, soybean trypsin inhibitor (2 mg/ml) for TPCKtrypsin and TLCK (1 mg/ml) for lysyl endopeptidase. The data were expressed as the mean of triplicate experiments.
Electrophoresis and toxin overlay assay: SDS-PAGE was carried out in 5 to 20% gradient gels (ATTO Co. Ltd., Tokyo, Japan). The proteins were blotted onto polyvinylidene difluoride (PVDF) membrane. After blotting, the membranes were blocked with 5% skim milk in PBS for 30 min at 37°C. After washing 3 times with PBS-0.01% Tween 20, the membranes were incubated for 1 hr at room temperature in the presence of 10 µg/ml activated alphatoxin in 0.5% skim milk. This was followed by washing and incubation for a further 1 hr at room temperature with 5 µg/ ml affinity-purified rabbit anti-alpha-toxin IgG in 0.5% skim milk. The membranes were treated for 30 min at room temperature with goat anti-rabbit IgG (H+L) conjugated with peroxidase (1:3,000 dilution; Cappel, West Chester, PA) in 0.5% skim milk. After washing, the membranes were developed in 20 ml PBS containing 0.05% 3-3' diaminobenzidine (Dojin laboratories, Kumamoto, Japan) and 0.02% H 2 O 2 .
Phosphatidylinositol-specific Phospholipase C treatment: Erythrocyte membranes (10 mg/ml) were treated at 37°C for 2 hr with 0.5 U phosphatidylinositol-specific phospholipase C (PI-PLC; EMD Biosciences, Darmstadt, Germany) in Dulbeccos's PBS. Swine erythrocyte membranes were treated also with PI-PLC but after trypsin treatment as mentioned above. As a control sample, membranes were incubated without any enzyme. The enzyme-treated membranes were collected by centrifugation as described previously [8] and aliquots of pellets and supernatants were separately subjected to SDS-PAGE followed by the toxin overlay assay.
Determination of protein concentration: The protein concentration was determined with a BIO-RAD protein assay kit (BIO-RAD laboratories, Hercules, CA) according to the manufacturer's instructions. Bovine plasma gamma globulin was used as the protein standard. In the case of erythrocyte membranes, a bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL) was used, with bovine serum albumin as a standard protein.
RESULTS

Sensitivities of erythrocytes to alpha-toxin:
Hemolytic activity of alpha-toxin was measured with erythrocytes from various animals. The toxin lysed erythrocytes from nine animal species to different degrees. Mouse, rat and canine erythrocytes were sensitive, whereas swine and ovine erythrocytes appeared to be resistant, although the rates of lysis of the erythrocytes tested were temperature-dependent. The activity of the toxin to equine, rabbit, chicken and bovine erythrocytes was impaired at lower temperatures such as 7 and 15°C, whereas the toxin retained the activity in the mouse, rat and canine erythrocytes under the same conditions ( Table 1 ). The activity of alpha-toxin on mouse erythrocytes at 30°C was found to be about 86 times higher than on ovine erythrocytes.
Effect of proteases treatment on the erythrocyte sensitivity to alpha-toxin:
The treatment with proteinase K caused a profound effect on the erythrocyte sensitivity. As shown in Table 2 , a reduction in sensitivity to alpha-toxin was observed in murine, canine, equine and bovine erythrocytes treated with proteinase K, but trypsin or chymotrypsin treatment had no effect on murine, canine, equine, bovine or ovine erythrocytes (data not shown). Interestingly, swine erythrocytes exhibited an increased sensitivity after treatment with proteinase K (Table 2) as well as such other proteases as trypsin, chymotrypsin and lysyl endopeptidase (Fig. 1) . The amount of toxin required for 50% hemolysis after protease treatment was 1.2 µg/ml for trypsin, 2.1 µg/ml for proteinase K, 3.0 µg/ml for chymotrypsin and 3.9 µg/ml for lysyl endopeptidase; trypsin treatment resulted in an increase in sensitivity to about 10-fold.
Interaction of erythrocyte membrane proteins with alphatoxin:
In SDS-PAGE, most erythrocyte membranes were found to consist of similar molecular-sized proteins, whereas chicken erythrocyte membranes contained rather small-sized proteins ( Fig. 2A) . When toxin overlay assay was performed after SDS-PAGE, bands with apparent masses of 30 to 45 kDa were observed in mouse, equine, bovine, swine and chicken, but there was a single band larger than 100-kDa interacting with the toxin in rat erythrocyte membranes (Fig. 2B) . Treatment with proteinase K resulted in digestion of high molecular sized proteins ( Fig.  2A) , and the bands reactive to the toxin disappeared in mouse, rat, equine and bovine erythrocyte membranes. In mouse erythrocyte membranes, a low molecular sized band interacted with the toxin (Fig. 2B) . Besides the others, swine erythrocyte membranes contained the band, which increased the intensity after proteinase K treatment (Fig. 2B,  lane 10) . The same phenomena were observed after treatment with chymotrypsin, trypsin or lysyl endopeptidase (Fig. 3) . The binding of alpha-toxin appeared to be strongest in trypsin-treated erythrocytes, but such protease treatment may release the terminal portion of the toxin-reacting bands, because the multiple bands appeared to move to the positions of lower masses.
Binding of alpha-toxin to GPI-anchored protein in erythrocyte membranes:
To characterize the toxin-binding protein, murine and swine erythrocyte membranes were treated with PI-PLC. After centrifugation, the pellet and supernatant were separately subjected to the toxin overlay assay. As shown in Fig. 4 , PI-PLC treatment seemed to selectively remove GPI-anchored proteins from their membrane surface, which still retained the toxin-binding activity. The migration positions of these proteins were distinguishable from those of the bands detected directly by using the erythrocyte membranes.
DISCUSSION
The present study provides a significant insight into the activity of alpha-toxin on erythrocytes from different animal species. Sensitivity of erythrocytes to alpha-toxin differs greatly in various mammals [16] . In this investigation, of all Coomassie brilliant blue-stained gel; (B) Alpha-toxin binding proteins of erythrocyte membranes as detected by toxin overlay assay. Erythrocyte membranes from proteinase K-untreated cells (odd numbered) and proteinase K-treated cells (even numbered) were subjected to SDS-PAGE, respectively.
Membrane protein (5 µg) was applied to each lane for Coomassie brilliant blue staining, and 30 µg protein per lane was used for toxin overlay assay. Lanes 1 and 2: mouse, lanes 3 and 4: equine, lanes 5 and 6: rat, lanes 7 and 8: bovine, lanes 9 and 10: swine, and lane 11: chicken. After blotting, the PVDF membrane was treated with alpha-toxin and the rabbit anti-alpha-toxin IgG as described in the text.
erythrocyte types tested, mouse erythrocytes were the most sensitive, requiring only a small amount of toxin for lysis. This is in accordance with previous statements [2] . Nevertheless, the present findings contrasted to a degree with an earlier report showing that canine, equine and chicken erythrocytes were insensitive to alpha-toxin [16] , being probably due to having used crude toxin materials in their experiments. Alpha-toxin appeared to cause lysis of erythrocytes from different animal species in a temperaturedependant manner, whose results agree with those of Sellman et al. [15] . This observation was similar to that with Aeromonas hydrophila pore-forming hemolysin [12] , which is related functionally and structurally [4, 7] . The sensitivities of erythrocytes to proteases were nearly the same; it is likely that the toxin-binding substances in murine, canine, bovine and equine erythrocytes are proteinase K-sensitive, but resistant to the other proteases, chymotrypsin and trypsin. These results may indicate similar characteristics of toxin-binding proteins in the erythrocyte membranes of different animal species. In the resistant erythrocytes derived from ovine, they did not show any change in their sensitivity after protease treatment, suggesting that there was no or little protein reaction to the toxin. Swine erythrocytes seemed to be resistant to the toxin action. The protease treatment with various enzymes resulted in an increased toxin sensitivity. Unlike ovine erythrocytes, some exterior proteinaceous substances may hinder access to the toxin. Similar observations were obtained after trypsin or chymotrypsin treatment of human erythrocytes treated with Aeromonas hemolysin [11] .
In order to characterize the toxin-binding protein, toxin overlay assay was performed. In fact, alpha-toxin was found to react mainly with about 30 to 45 kDa-proteins, but rat erythrocytes contained a reactive band with a molecular mass greater than 100 kDa. Since these reactive bands were also detected with the supernatants obtained from the PI-PLC treated erythrocyte membranes, individual erythrocytes that are sensitive to the toxin involve unique character- Protein binding to alpha-toxin was detected as described in Fig. 2 . Fig. 4 . Binding of alpha-toxin to GPI-anchored proteins detected by toxin overlay assay. Erythrocyte membranes of mouse (lanes 1 and 2), rat (lanes 3 and 4), and swine (lanes 5 and 6) were treated with 0.5 U PI-PLC as described in Materials and Methods. After centrifugation, individual supernatant (lanes 1, 3 and 5) and pellet (lanes 2, 4 and 6) were separately subjected to SDS-PAGE and toxin overlay assay.
istics of GPI-anchored proteins. These observations are in accord with the previous report by Gordon et al. [8] . They also support the notion that variations in GPI-anchored proteins exist in different species and cell types [17, 18] , but neither Diep et al. [6] nor Gordon et al. [8] detected any binding proteins in rat erythrocyte membranes, due to an insufficient amount of membranes used. In the present study, the rat erythrocyte membranes had a binding protein with an apparent mass greater than 100 kDa, which nearly corresponds to the toxin-binding protein in rat brain homogenate [8] .
The present study provides some information on the relationship between the hemolytic activity and the toxin-binding protein, but further investigation is required to clarify the precise properties of the respective GPI-anchored proteins in various erythrocyte membranes to fully understand the mechanism of hemolysis by alpha-toxin. But GPI anchor consists of a highly conserved core structure and variable side chains, which may be protein-, tissue-and species-specific, are attached to the core [14] . Since the toxin does not bind directly to a protein portion of GPI-anchored proteins [10] , binding of the toxin to various erythrocyte membranes may depend upon GPI-anchored moieties.
